= ( / ) 100 (1) 149
where ACR is the amount of active compound (α-t, Cin or GO) remaining within the droplets of the 150 nanoemulsion, determined as described below, and ACI is the amount of active compound initially 151 added to the emulsion (Davidov-Pardo & McClements, 2015) . 152
The amount of active compound (α-t, Cin or GO) remaining within the droplets of the 153 nanoemulsion was determined by using an UHPLC + (Dionex Ultimate 3000, Thermo scientific, 154
Germany). Analyses were carried out by diluting the sample in methanol to facilitate the -tocopherol 155 and garlic oil (0.01% v/v) or cinnamaldehyde (0,003% v/v) detection. The diluted samples were 156 separated in a Phenomenex Luna 3a C18 column (150 x 4.6 mm, i.d. 3 m) with an elution system of 157 methanol:acetonitrile:water (68:28:4) for -tocopherol or methanol:acetonitrile:phosphoric acid (1% 158 v/v) (50:30:20) for cinnamaldehyde and garlic oil. The flow rate of the mobile phase solvents was 1 159 mL/min, the injection volume was 25 L (-t) or 10 L (Cin and GO), and the detection wavelength 160 was set at 208, 285 and 210 nm, for -t, Cin and GO respectively (Mao, Yang, Xu, Yuan, & Gao, 2010) . 161
The nanoemulsions were characterized in terms of their mean particle size, polydispersity 162 index, and ζ-potential using a Zetasizer (Nanoseries, Malvern Instruments, UK), pH using a pHmeter 163 (SevenCompact, Mettler Toledo, Switzerland), flow behavior using a rheometer (Kinexus Pro + , 164
Malvern Instruments, UK), and microstructure and morphology using atomic force microscopy (Ntegra 165 prima, NT-MDT Co., Russia). All measurements were performed at least in triplicate. These 166 characterized nanoemulsions (N1, N2, N3, and N4) were then incorporated within the fabricated G-Ch 167 based films. 168 169
Film production 170
Films were produced by blending G-Ch (4:1 ratio) using the casting technique. A film-forming 171 solution (FFS) (5 g biopolymer/100 g FFS), loaded with nanoemulsions encapsulating active 172 compounds (5 g/100 g biopolymer) and glycerol (30 g/100 g biopolymer) as the plasticizer, was used. 173
Gelatin and chitosan solutions loaded with nanoemulsions were prepared separately, then, the FFS was 174 mixed under stirring in a plate stirrer (SB162-3, Stuart, UK) for 10 min, and subsequently homogenized 175 using a high shear mixer (Silverson L5M, Buckinghamshire, UK) at 5000 rpm for 5 min. During 176 stirring, the pH was adjusted at 5.6 for complexation between chitosan and gelatin to take place; the 177 selected pH value is above the isoelectric point of gelatin (Pi = 4.5-5.2), where all the gelatin chains 178 are negatively charged, and below pH 6.2 in order to prevent chitosan precipitating out of solution 179
(Benbettaïeb et al., 2014). FFS was sonicated and degassed in a Sonicator (ultrasonic cleaner QS18, 180
Ultrawave, UK) at 50ºC for 10 min. Finally, FFS was poured into a plastic Petri dish (14 cm diameter) 181 and placed in a forced air oven (GPS/50/CLAD/250/HYD, Leader, UK) at 30 ± 0.5 °C for 24 h, in order 182 to obtain the films. 183
After peeling from the petri dish, the films were conditioned inside desiccators containing a 184 saturated solution of NaBr (relative humidity 58%) for 7 days, prior to the characterization of their 185 physicochemical, antimicrobial, and antioxidant properties. For SEM and AFM analyses, the newly 186 formed films were instead conditioned in silica gel (relative humidity 0 %) for the same period. 187
Furthermore, two films were made using the same G-Ch blend (4:1). The first one was prepared without 188 the incorporation of a nanoemulsion (N0), while the second one was loaded with a control nanoemulsion 189 (N1) described in section 2.2. Both films were formed using glycerol as a plasticizer and they were 190 produced and conditioned as described above; hereinafter referred to as control 1 and control 2 films, 191
respectively. 192 193

Film Characterization 194
Thickness 195
A digital micrometer (AK9635D, Sealey, UK) was used to measure the film thickness to the 
Solubility in water and swelling 205
For solubility in water (SW) and swelling (S) measurements, film samples were cut in discs (20 206 mm in diameter), weighed, and immersed in 50 mL of distilled water under stirring in a shaker (Incu-207 Shake MIDI, SciQuip, UK) at 60 rpm and at room temperature for 24 h. Film samples were then 208 removed from the solution, re-weighed, and dried in an oven at 105°C for 24 h to determine their final 209 dry matter. These values were then used to calculate SW and S, expressed as g of solubilized mass/100 210 g of dried material and g of gained water/g of dried material, respectively (Gontard et al. 1994 ). All 211 measurements were carried out in triplicate. 212 213
Mechanical properties 214
Tensile strength (TS), elongation at break (EB), and elastic modulus (EM) were measured 215 according to the ASTMD 882/12 standard method (2001). Samples were cut into 15 mm x 100 mm 216 strips, and tested using a texture analyzer (TA.XT2i, Stable Micro System, UK) with grip separation of 217 50 mm and speed rate of 1 mm/s until breaking. TS and EB were obtained directly from the stress vs.7 strain curves, which are produced from the force-deformation data, and the EM was determined as the 219 angular coefficient in the linear part of the curve using the Exponent Lite v.4.0.13.0 software (Stable 220 Micro System, UK) (Baron et al., 2017). Data were collected for at least 10 sample strips from each 221 film. 222 223
Light transmission and transparency 224
Light transmission of films against ultraviolet and visible light was determined in transmittance 225 mode at selected wavelengths (200 to 800 nm) using a UV-VIS spectrophotometer (Orion AquaMate 226 8000, Thermo Scientific, Germany), according to the procedure described by Bonilla  Sobral (2016) . 227
The transparency value for each film was calculated using Equation 2. 
X-ray diffraction (XRD) 236
XRD was used to determine the film's crystallinity. Analyses were carried out using an X-ray 237 diffractometer (Miniflex600, Rigaku, Japan) with Cu as the source. Samples were cut in squares of 20 238 mm x 20 mm and placed on a glass plate, which was placed inside the chamber of the equipment. 239
Measurements were recorded in triplicate at room temperature, 40 kV and 40 mA current, in the region 240 of 2 from 8º to 70º (with a constant speed of 1º min -1 ) using the Miniflex Guidance software (Rigaku, 241 Japan) . 242 243
Differential scanning calorimetry (DSC) 244
Thermal properties of the films were determined using a differential scanning calorimeter (DSC 245 TA2010, TA Instruments, USA), controlled by a TA5000 system (TA Instruments, USA) and a quench 246 cooling accessory. Approximately 10 mg (±0.01 mg) of sample were weighed in a precision balance 247 (AP 2500 Analytical Plus, Ohaus, Switzerland), were conditioned in a hermetically sealed aluminum 248 pan and heated in double run at 5ºC/min from -150 to 150 ºC in an inert atmosphere (45 ml/min of N2). 249
An empty pan was used as the control. The results were analyzed using the instrument's software 250 N0), were placed in plicate on the medium, and the plates were incubated at 37 ºC for 24 h. The area of 285 the whole zone was calculated, then subtracted from the film disc area, and this difference in area was 286 reported as the zone of inhibition (Seydim & Sarikus, 2006) . 287 288
Determination of antioxidant activity 289
The films' antioxidant activity was measured using the 2,2'-azino-bis(3-ethylbenzothiazoline- 
DPPH
• method. 307
A centrifuged (4000 rpm, 30 min) aliquot of the solubilized film (1.5 mL) was added to 1.5 mL 308
of DPPH
• radical solution (60 µM), and it was kept in the dark for one hour. After this period, the 309 absorbance was determined at 515 nm using a UV-Vis spectrophotometer (Brand-Williams et al., 1995) . 310
Antioxidant activity is calculated and expressed as Trolox equivalent TE (µmol/g dried film). 311
Antioxidant activity is expressed as TE (µmol/g dried film). 312 313
FRAP assay 314
A solution of FeCl3 (20 mM) was prepared in distilled water and TPTZ was prepared in 40 mM 315
HCl. To prepare the FRAP reagent, 25 mL acetate buffer (0.3 M, pH 3.6) were mixed with 2.5 mL of 316 TPTZ and 2.5 mL FeCl3. Film samples of 50 mm x 50 mm ( 2.5 mg) were placed in 3 mL of FRAP 317 solution and 0.3 mL of distilled water for 24 h. Following this period, the absorbance of the film-318 containing solution was measured at 593 nm using a UV-Vis spectrophotometer. The absorbance of the 319 FRAP solution (without the film) was also measured as a blank (Ferreira et al., 2014) . Antioxidant 320 activity is expressed as TE (µmol/g dried film). 321 322 323
Statistical analysis 324
Analysis of variance (ANOVA) was conducted using the Statgraphics ® centurion XV 325 (StatPoint, Inc., 2006) software. The obtained mean values were subjected to Duncan's multiple-range 326 test, and in all cases, values with p<0.05 were considered to be significant. 327
Results and Discussion 329
Nanoemulsion characterization 330
Encapsulation efficiency 331
The results presented in Table 1 show that Cin and GO had higher EE than α-t during the 332 encapsulation process and nanoemulsion storage. Nevertheless, all of them had a slight reduction in EE 333 during storage. This loss could be associated with the high pressure and cycle number used in the 334 nanoemulsion preparation or could be due to the partial volatility of those compounds, principally the 335 Cin and GO. Furthermore, the harsh processing conditions, as well as the presence of heat, light, and 336 oxygen during processing, could explain the active compound loss. These extreme conditions might EE for Cin or GO between N2 or N3 and N4, which contain the three joint mixed compounds (Table 1) , 340 a clear reduction in the encapsulated compound quantified immediately post-emulsification and also a 341 significant difference (p<0.05) between the EE values after 90 days of storage for both Cin and GO was 342 seen. Hence, the fact that encapsulating three compounds instead of two, clearly affected their EE. On 343 the other hand, the EE for α-t did not show significant difference (p>0.05) after post-emulsification 344 regardless of the nanoemulsion. However the storage time had a significant (p<0.05) effect on the EE 345 for this active compound in all nanoemulsions, which was expected due to the high sensitivity of this 346
molecule (Nhan & Hoa, 2013). 347
Despite the obtained EE during the nanoemulsion preparation and the slight loss of the active 348 compounds after 90 days under refrigeration, it was proven that the remaining NAC was sufficient to 349 guarantee a very good antimicrobial and antioxidant properties for the prepared emulsions (data not 350
shown. 351 352
Droplet size, polydispersity, -potential and pH measurements 353
The nanoemulsions were also evaluated in terms of their physicochemical properties (Table 1) . 354
The control nanoemulsion (N1) without encapsulated actives, presented the highest (p<0.05) droplet 355 size, polydispersity index (PDI), -potential, and pH values, among all tested formulations (Table 1) . 356
For nanoemulsions loaded with active compounds, mean particle size, PDI, and -potential values 357 remained between 111.0 and 130.0 nm, 0.14 -0.20 and -12.0 to -16.0 mV, respectively, with all 358 characteristics remaining unchanged over the 90 days storage (Table 1 ). All emulsions were found to 359 possess droplet sizes within the desired nano-scale region with a monomodal size distribution (Figure  360 1). Moreover, it could be confirmed that those nanoemulsions presented an excellent physical stability 361 across the 90-day storage at 4 ºC. 362 images, which revealed uniformly sized spherical particles with sizes from 110 to 150 nm for all 365 nanoemulsions (Figure 2) , as measured by the dynamic light scattering (DLS) in Zetasizer (Table 1) Nevertheless, despite their moderate magnitude, the resulting net charge differences in the tested 388 nanoemulsions were able to contribute to the systems' high stability against creaming and/or 389 flocculation phenomena during storage (Jo & Kwon, 2014) . 390
In terms of pH, the control nanoemulsions were able to maintain a value of pH 6 for the duration 391 of storage, whilst a significant (p<0.05) pH reduction was observed for all nanoemulsions with 392 encapsulated active compounds. This behavior could be attributed to the production of acidic 393 compounds (carboxylic acids) after the decomposition of hydroperoxides from the oxidation of the 394 Despite its highest SW, the control 1 film (N0) displayed the lowest ability to swell (26.9 g/g) 453 as well as the greatest (p<0.05) surface hydrophobicity amongst all tested samples; the latter was 454 evaluated by contact angle measurements (data not shown). Although film swelling (S) was found to 455 vary between different systems (p<0.05), this was not dependent on the incorporation (or not) of the 456 nanoemulsion, with the N1 and N4 films, displaying the highest (30 g/g) and lowest (25.3 g/g) swelling, 457 respectively. Nonetheless it is expected that these films would exhibit a high degree of swelling due to 458 the great water uptake capacity of gelatin and also the porous structure of its polymeric network 459 
Mechanical properties 462
The N0 films displayed the highest (p < 0.05) tensile strength (TS) and the lowest elongation at 463 break (EB) values among all samples (Table 2) 
Light transmission and opacity 491
Incorporation of the N1 nanoemulsion within the gelatin-chitosan film (control 2) significantly 492 reduces the transmittance values in the wavelength range of 250 -280 nm (Table 3) in gelatin-based films containing oregano or green tea extracts, respectively. In the visible range (350 -502 800 nm), the N0 films showed the highest (p<0.05) light transmission (80-97%) when compared to films 503 loaded with N1, N2, N3, or N4 (Table 3) . These values were similar to those reported by Jridi et al. (2014) 504 for gelatin-chitosan composite films (72.6-90.9%) and higher than those reported by Dammak et al. 505 (2017) for pure gelatin-based films (45-56%). Hence, it can be seen that chitosan has a significant 506 contribution in terms of light transmission in the visible range (Jridi et al., 2014) . 507
On the other hand, the transparency of films differed significantly (p<0.05) among samples, 511 when nanoemulsions were added, as evidenced in Table 3 . This transparency values are directly 512 associated with the film opacity (i.e, the N1 films presented the highest transparency value and the 513 greatest opacity). In this case, the N0 films was the most transparent, however when adding the different 514 nanoemulsions became opaque, maybe due to the nanoencapsulated active compounds (NAC), which 515 were able to impede the light transmission through the films (Tongnuanchan et al., 2012) 
X-ray diffraction 525
The presence of a strong interaction between the biopolymer matrix and NAC was confirmed 526 by X-ray diffraction (XRD) analysis. All films exhibited an X-ray diffraction pattern characteristic of a 527 partially crystalline material (Figure 3) , with two defined diffraction peaks, the first in the region of 2 528 The incorporated active compounds through nanoemulsions N2, N3 and N4, slightly changed the 535 highest peak intensity, but in general, the profile of diffraction spectra of these films was similar to 536 those obtained for the control films (N0 and N1). The increase in the intensity of the peaks at 10º for the 537 N3 and N4 films, indicates that incorporation of nanoencapsulated GO into the biopolymer-blend matrix 538 induces an increase in the films' crystallinity. A similar effect was observed by Rubilar 
Thermal properties 547
In general, all films exhibited similar differential scanning calorimetry (DSC) curves (Figure  548 4). Curves from the first scan revealed a trace typical for partially crystalline material, with a glass 549 transition, attributed to a fraction rich in gelatin, followed by a marked endothermal peak, associated to 550 a helix-coil transition (Sobral et With regard to melting enthalpy (Hg), this was significantly (p<0.05) reduced from 12.1 J/g 567 (N0 films) to approximately 9.0 J/g when the films were loaded with N1, N2, N3, or N4 (Table 4) 
Environmental scanning electron microscopy (ESEM) 597
The environmental scanning electron microscopy (ESEM) micrographs of the surface and 598 cross-sectional morphology of the films revealed a continuous and homogeneous microstructure, 599 without the presence of scratches, phase separation, and/or porosity due to the presence of trapped air 600 cells ( Figure 6 ). Furthermore, no evidence of oil droplets separation from the biopolymer-blend matrix 601 was observed in the films loaded with nanoemulsions. However, the previously determined roughness 602 difference between the N0 film and the ones loaded with N1, N2, N3, or N4 (Table 4) 
Antimicrobial Activity 618
The inhibitory activity against both P. aeruginosa (Gram negative) and L. monocytogenes 619 (Gram positive) was determined measuring the clear zone surrounding the disks (inhibition zone). Ηalo 620 formation (65 -138 mm 2 ) around the active films was observed only in the case of P. aeruginosa, which 621 exhibited greater sensitivity compared to L. monocytogenes (Table 5) films without active compounds (N0 and N1) showed no activity against the tested bacteria (Table 5) . 634
When active films were tested against L. monocytogenes, inhibition zones were not obvious 635 or GO into pectin/papaya puree, whey protein and low-density-polyethylene/ethylene-vinyl-acetate 641 based films. In our study, nanoemulsified active compounds when not tested in films, showed high 642 activity against L. monocytogenes (data not shown), which could be considered a derivative of the 643 antimicrobial compounds and their delivery through nano-sized droplets, as reported by Kadri et al. 644
(2017). 645
Converse to expectation, the combined application of nanoencapsulated Cin and GO within the 646 film did not enhance the antimicrobial properties of the G-Ch based film (p<0.05), although both of 647 them had the ability to induce an inhibitory effect as bulk agent on the microorganism tested, principally 648 due to their chemical components, such as cinnamic aldehyde and diallyl trisulfide, diallyl disulphide, 649 methyl allyl trisulfide, and diallyl tetrasulfide, which are able to disrupt and penetrate the lipid structure 650 of the bacteria cell membrane, leading to its destruction (Peng & Li, 2014). 651
Antioxidant properties 653 the DPPH
• and ABTS •+ radicals, and the FRAP reagent is shown in Table 5 . As expected, the control 1 655 film did not show any radical scavenging activity, in either of the DPPH
• or ABTS •+ tested method, and 656 possessed very low FRAP scavenging activity. 657
Films loaded with NAC were capable of acting as stronger donors of hydrogen atoms or 658 electrons until reduction of the stable purple-coloured radical DPPH
• or blue-coloured radical ABTS On the other hand, the incorporation of α-t/GO-loaded nanoemulsion (N3) into the film caused 668 the highest (p<0.05) ferric reducing ability and, consequently, the best antioxidant activity measured by 669 the FRAP assay with an increase of 91% and 51%, respectively, when compared with either of the two 670 control films (N0 and N1). The FRAP assay gave the highest TE values, probably because of the direct 671 contact of the film samples with the FRAP reagent during the reaction. 672
The antioxidant activity of the films is potentially attributed to the phenolic acids and terpenoids 673 coming from the cinnamaldehyde, garlic oil, and principally, α-tocopherol, which are able to quench 674 free radicals by forming resonance-stabilized phenoxyl radicals (Dudonné, Vitrac, Coutière, Woillez, 675 & Mérillon, 2009). In addition to this, the contribution from the residual free amino groups of the 676 chitosan molecule, which also react with free radicals forming stable macromolecular radicals and 677 ammonium groups, should also be taken into account in terms of antioxidant activity (Yen, 
Conclusions 683
O/W emulsions, with α-toc, Cin and GO active compounds loaded within their dispersed phase 684 droplets at high encapsulation efficiencies, were successfully formed at the nanoscale via a 685 microfluidization technique. The formed nanoemulsions possessed a monomodal distribution and 686 exhibited good physical stability over a 90 days storage and incorporation of the active species was not 687 detrimental to either of these features. These nanoemulsions were subsequently incorporated into 688 gelatin-chitosan (G-Ch) based films, which were shown to possess a homogeneous structure with a 689 transition, and melting temperature. 692 Nanoemulsion loading was found to enhance the films' resistance to water, reducing (p<0.05) 693 their solubility, and increasing film elongation at break and light barrier properties, while also directly 694 affecting their transparency, reducing their tensile strength and stiffness, and increasing their surface 695 roughness. Therefore, nanoemulsions encapsulating active compounds are suitable to produce G-Ch 696 based films, enhancing their physical and mechanical properties, antibacterial performance against L. 697 monocytogenes and P. aeruginosa, and their radicals scavenging effect. 698 
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